Chunky graphite is generated in heavy-section castings, and it is detrimental to the mechanical properties, especially the ductility and toughness, of cast iron. However, there have been few quantitative reviews that show the mechanical properties as functions of the amount of generated chunky graphite. In this study, a cylindrical casting containing chunky graphite was prepared. Pig iron and steel scraps with Fe-Si and rare-earth-Si compounds were used. We extracted some specimens from the casting and measured their mechanical properties through tensile-strength tests and Brinell hardness tests. The amount of chunky graphite in the specimens was determined by analyzing their electron microscope images to determine the ratio between the area of chunky graphite and the total area of all graphite. The specimen with a chunky-graphite content of 0% exhibited a tensile strength of 506 MPa and elongation of 25%. When the chunky-graphite content increased above 20%, the tensile strength of the specimens gradually decreased and nally reached 50 MPa, which is lower than that of the specimen containing no chunky graphite. The elongation decreased quickly among the specimens containing 20% to 40% of chunky graphite, and it eventually reached about 1/5 of that of the specimen containing no chunky graphite. On the other hand, the yield strength and hardness of the specimens were not affected by the chunky-graphite content.
Introduction
The cast-iron parts used for construction machinery and industrial vehicles require reliability and durability 1) . Therefore, they are often made of thick-walled spheroidalgraphite cast iron for high rigidity, high load, high repeated load, and resistance against shock, vibrations, and heat. However, thick-walled spheroid-graphite cast iron has some undesirable characteristics such as coarse cells 2) , grainboundary segregation of trace elements 3) , non-spherical graphite morphology 4) , and presence of chunky graphite 4) . The microstructure of chunky graphite is shown in Fig. 1 . We believe that the possible causes of the generation of chunky graphite are very slow solidi cation 5) , excess amount of elements such as Si [6] [7] [8] [9] , Ni [6] [7] [8] [9] , Ce [8] [9] [10] , and Al 8) , and inappropriate inoculation 11) . The presence of chunky graphite affects the tensile strength and elongation of cast iron. For example, it has been reported that the tensile strength of a test piece containing chunky graphite is about 70 MPa lower than that of a test piece of spheroidal-graphite cast iron, and the elongation is about 1/5 of that of a test piece of spheroidal-graphite cast iron 12) . However, the relationship between the amount of chunky graphite and the mechanical properties is not well known quantitatively. Moreover, the morphology of chunky graphite in a casting is not uniform. We know empirically that depending on the amount of chunky graphite, its effect on the tensile properties varies. Quantitative data of this dependence would offer a clearer picture of the mechanical effect due to the presence of abnormal graphite, which would bene t both academic and industrial pursuits. On the other hand, in the study of castings, images of microstructures are usually analyzed to determine the shape and area ratio of graphitic components. In the study reported here, metallurgical microscopy and a two-dimensional quanti cation method were used to investigate the effect of the amount of chunky graphite on the mechanical properties of spheroidalgraphite cast iron. The ndings of the study are expected to offer guidelines for evaluating the quality of casting products for industrial applications.
Experimental Procedure

Sample preparation
The raw materials, highly pure pig iron (50 kg) and steel scraps (50 kg), were melted together in a high-frequency induction furnace. In addition, a carburizer, Fe-Si, Fe-Mn, and Cu were used to adjust the chemical composition of the melt; the added Cu also served to increase the practical strength. After the molten metal mixture was heated at 1773 K, it was tapped into a ladle. Spheroidization was carried out using the sandwich method by adding 1.3 mass% of graphite spheroidizer, 0.2 mass% of Fe-Si alloy, and 0.1 mass% of rare-earth-element (RE)-Si alloy to the pouring ladle. The chemical composition of the melt is given in Table 1 . The Si and Ce concentrations were increased to improve the chunky-graphite morphology. Immediately after treatment, the chemical composition of each sample was analyzed, and the melt at 1603 K with 0.1 mass% of the inoculant stream was poured into a cylindrical casting prepared using a phenol-urethane-based self-hardening molding process. The dimensions of this casting are shown in Fig. 2 : it had a thickness of 70 mm, outside diameter of 200 mm, and height of 100 mm. The casting was removed 5 h after it was poured and used to prepare tensile-test specimens.
Tensile test
To determine the mechanical properties of the cast iron, 23 specimens were prepared for the tensile tests by machining from the cylindrical casting. The number of each specimen and its location are shown in Fig. 3 . As shown in the schematic of a typical specimen in Fig. 4 , it was prepared according to the JIS 4 standard, JIS Z 2241, and measured 6 mm in diameter and 25 mm in length in the middle portion. The tensile tests were carried out at 293 ± 10 K with a precision universal testing machine (AG-D, Shimadzu Corporation). Each test began with the stress increasing at a xed rate of 20 MPa s
; when the strain rate reached 12% min −1 , it was controlled to remain at this value for the test. Incidentally, the stress was increased at a controlled rate to take into consideration the strain-rate dependence of the yield point. The Brinell hardness test was carried out at the gripping parts with an indenter diameter of 5 mm and a test force of 750 kgf.
Evaluation of chunky graphite 2.3.1 De nition of amount of chunky graphite
The amount of chunky graphite is de ned as the ratio (hereafter referred to as R CG ) between the area of chunky graphite and total area of graphite in a two-dimensional microstructure, as shown by the following equation:
where A C is the chunky-graphite area, and A T is the total graphite area. The total graphite area is the sum of the spheroidal-graphite area and the chunky-graphite area.
Image-analysis parameters and their threshold values for determination of type of graphite
Spheroidal graphite and chunky graphite have different sizes and shapes in two-dimensional microstructures. Two main parameters were used by the image analyzer (see section 2.3.3) to discriminate between the two types of graphite. The diameter of a circle circumscribing the graphite region was adopted as the size parameter, while the circularity was adopted as the shape parameter; Fig. 5 shows a schematic diagram of the two parameters.
The distribution of each parameter in the spheroidalgraphite region and chunky-graphite region was investigated. Figure 6 shows examples of the microstructures used to measure both parameters in the image analysis. Figure 7 shows the distribution of the circumscribing circle diameter and circularity measured in 100 graphite regions. The circumscribing circle diameter had a peak value of 30-35 μm, with most values above 15 μm, while the chunky-graphite regions had a peak circumscribing circle diameter of 5-10 μm. The spheroidal-graphite regions had a peak circularity of 0.9-1.0, with most values above 0.6, while the circularity of the chunky-graphite regions widely varied from 0.1 to 1.0. As a result, the threshold values of the circumscribing circle diameter and circularity were determined to be 15 μm and 0.6, respectively, and chunky graphite is dened as graphite whose size and shape parameters were less than these values.
Image-analyzing process
We used an image-analyzing system (Particle Analysis, Version 3.5, Nippon Steel & Sumikin Technology Co., Ltd.) to evaluate the specimen images obtained with a microscope (EPIPHOT TME200, Nikon Co., Ltd.) and a charge-coupled device (CCD) camera (VCC-F32S29PCL, CIS Co., Ltd.), whose resolution was 978 dot mm −1 at a magni cation of 100×. Figure 8 shows the image-analyzing process of micro- structures with a mix of spheroidal graphite and chunky graphite. An automatic measurement program was incorporated in the image-analyzing system. First, we obtained an image of microstructure with magni cation of 100× ( Fig. 8(a) ), binarized the image (Fig. 8(b) ), distinguished the chunky graphite from spheroidal graphite (Fig. 8(c) ), and measured the categorized graphite areas (Fig. 8(d) ). After all of the graphite areas were measured using the original image, R CG was calculated. Cross sections of chunky graphite, obtained at a distance of 5 mm from the fracture surface of each tensile-test specimen, were examined. R CG was measured in ve visual elds at a magni cation of 100×, and the average of these values was set as the amount of chunky graphite in each test specimen. Figure 9 shows the concentration distribution of R CG in the cylindrical casting. Three specimens were omitted because two of them exhibited carbon dross defects and the third specimen fractured outside of the gauge. Figure 10 shows images of typical microstructures observed in the remaining specimens. The value of R CG ranged from 0 to 82%, and the matrix structures were ferrite. Chunky graphite was distributed unevenly in the cylindrical casting, but its distribution was bilaterally symmetrical owing to the shape of the casting. Figure 11 shows the relationship between R CG and the mechanical properties of the specimens. Among the specimens that were kept for the measurements, both the yield strength and hardness remained uniform with increasing R CG , and no in uence of the chunky graphite was found. On the other hand, the tensile strength formed a moderate S-curve with increasing R CG : the tensile strength did not change until R CG reached 20%, after which it decreased gradually until R CG was about 40% and remained unchanged thereafter. In addition, the tensile strength of the specimen with 0% chunky graphite was 506 MPa, while that of the section with 69% chunky graphite was 457 MPa, indicating a decrease of about 10%. The elongation was found to form a rapid S-curve with increasing R CG : the elongation did not change much until R CG reached 20%, after which it decreased rapidly until R CG was about 40% and remained unchanged thereafter. The elongation of the specimen with 0% chunky graphite was 25%, while that of the section with 69% chunky graphite was 5%, which is about 1/5 of the original value. Figure 12 shows the stress-strain curves of the tensile-test specimens containing spheroidal-graphite cast iron without chunky graphite and specimens containing 44% chunky graphite. Curve (a) with a large neck region indicates that the specimen containing only spheroidal graphite fractured during the stage after maximum stress. In contrast, curve (b) without a neck region, which represents the specimen containing some chunky graphite, is similar to curve (a) until the yield point, but the specimen fractured before the maximum stress shown in curve (a). Therefore, it can be seen that the mechanical impact of chunky graphite was large during plastic deformation, and there was no change in the yield strength. On the other hand, the hardness of the spheroidalgraphite cast iron was almost completely determined by the matrix structure and not signi cantly affected by the ratio of graphite spheroidization 13) . In this study, the matrix was all ferrite irrespective of the presence of chunky graphite. Figure 13 shows the Vickers hardness of the ferrite matrix near the chunky graphite and spheroidal graphite. The hardness test was carried out on specimen No. 14 (R CG : 30.9%) with a test force of 0.1 kgf. The hardness of the ferrite matrix was the same irrespective of the graphite shape, which accounts for the absence of observable changes in the Brinell hardness.
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Dynamical behavior
Fractured surface of spheroidal-graphite cast iron
and cast iron containing chunky graphite Figure 14 shows images of tensile fracture surfaces on various specimens. In the specimen shown in Fig. 14(a) , spheroidal graphite was uniformly distributed in the matrix, and dimples were formed mostly on the fractured surface. Therefore, this specimen had ductile fracture morphology. On the other hand, in the specimen shown in Fig. 14(b) , there was so much chunky graphite that it widely covered the fractured surface and the matrix area was smaller than the spheroidal-graphite fractured surface. The graphite shape greatly affected the matrix continuity 14) , as indicated by the route of crack growth and decrease in the matrix continuity brought about by the chunky graphite. We observed a river pattern in addition to dimples on this fractured surface. Therefore, the chunky graphite probably resulted in a brittle fracture morphology by promoting cleavage fracture.
Chunky graphite morphology
Chunky graphite consists of ne graphite particles that are independent of each other in a two-dimensional microstructure. Figure 15 shows a microscope image of the chunky-graphite morphology. The graphite particles measured in the range of a few millimeters, and they appeared chained together like corals. Consequently, the fracture morphology of the chunky-graphite regions resembled that of ake graphite and compacted vermicular graphite. Since a reduction in the graphite-spheroidization ratio increases the notch effect of graphite 15) , the notch effect of chunky graphite was larger than that of spheroidal graphite in our specimens.
Effect of amount of chunky graphite on tensile
strength and elongation Fracture of cast iron occurs in the matrix structure, as well as inside graphite or at the interface between graphite and the matrix. The fracture ratio is related to the threedimensional continuity of graphite. For example, the fracture ratio in the matrix structure is about 80% in spheroidalgraphite cast iron, but about 15 to 40% in ake-graphite cast iron 14) . In general, when the matrix continuity is large, the crack must pass through the matrix rather than the graphite with lower strength, so the strength of cast iron is increased 16) . Therefore, a decrease in the matrix continuity caused by chunky graphite led to lower tensile strength in our specimens. On the other hand, the stress concentration caused by the notch effect increased the tensile strength owing to the plastic restraining effect 17) . Therefore, we inferred that the tensile strength of the specimens in our study decreased gradually when the amount of chunky graphite exceeded 20% because the effect of the decrease in matrix continuity became larger than the notch effect. The increase in strength caused by the notch effect promoted the occurrence of cleavage fracture and reduced the failure strain 18) . In addition, brittle fracture would be promoted if it exerted a rapid growth of cracks through chunky graphite. Therefore, even though the elongation was decreased by the presence of chunky graphite, we deduced that the effect became noticeable when the amount of chunky graphite exceeded 20%.
Conclusion
The presence of chunky graphite could be distinguished and quanti ed in two dimensions by using the diameter of circles circumscribing the graphite regions and their circularity as image-analysis parameters.
In spheroidal-graphite cast iron with a ferrite matrix, the amount of generated chunky graphite decreased the tensile strength by 50 MPa and caused an elongation of 20% in most specimens. The effects on the yield strength and hardness were very small.
Chunky graphite had little effect on the mechanical properties when its content was less than 20%. We believe that the decrease in the matrix continuity of the casting and the increase in notch effect, which resulted from the presence of chunky graphite, were the major factors affecting the tensile strength and elongation of cast iron. Since the mechanical effect of chunky graphite was large during plastic deformation, the yield strength was hardly affected. The matrix was all ferrite irrespective of the presence of chunky graphite, which was why the hardness was barely affected.
